For use in a microwave heating system, a pore-filling type Pd membrane was prepared. This membrane was constructed by embedding Pd nanoparticles in micropores of an alumina support tube. Pd loading of 0.10 g/m 2 was sufficient for both microwave heating and stopping gas leak. The amount of Pd converted into an equivalent thickness gives a thin metal membrane of 0.07 m, suggesting a reduction in the amount of Pd in comparison with conventional thin membranes. The Pd membrane was easily heated to 700 K by microwave radiation. The temperature was precisely controlled by changing the microwave power, indicating effective control of the H 2 permeation rate. In addition, this Pd membrane can be used as a catalytic membrane. As the model reaction, hydrogenation of benzene and toluene were demonstrated under microwave radiation.
INTRODUCTION
Considerable attention has been paid to palladium (Pd) membranes for separation of high-purity hydrogen via the lattice diffusion mechanism, which requires low energy consumption [1] . The permeation flux of H 2 in Pd membranes is expressed by Sieverts' law (Eq. 1), where J is the flux, A the diffusion coefficient of hydrogen, l the membrane thickness, and P 0 and P i indicate the H 2 pressure on each side of the membrane, respectively [2] .
J= (A/l) e (-Ea/RT) (P 0 1/2 -P i 1/2 )
Thin Pd membranes are advantageous not only for their high hydrogen permeation rate, but also for their low Pd loading. In numerous reports, Pd membranes have been prepared on porous supports, such as ceramic and stainless steel, to prepare thin but dense membranes by various methods, namely, electroless plating [3] , chemical vapor deposition (CVD) [4] , magnetron sputtering [5] , thermal pyrolysis [6] , and electrodeposition [7] . Our group has prepared very thin Pd membranes by CVD (>1 m) [8] and electroless plating (>5 m) [9] .
In general, Pd membranes have intrinsic problems during operation below 568 K, owing to hydrogen embrittlement. To avoid this problem, pore-filling membranes have been developed by embedding Pd nanoparticles into the pores of a γ-Al 2 O 3 layer, on the surface of an α-Al 2 O 3 support tube ( Fig. 1) [10] . Pd nanoparticles improve resistance against hydrogen embitterment [11] . The mechanical stability of this type of membrane is also increased because Pd particles are protected by the γ-Al 2 O 3 layer. Therefore, the membrane can be used from room temperature up to 773 K.
In this study, a pore-filling Pd membrane was prepared for microwave heating. Microwave heating allows for rapid and selective heating of the target by direct dielectric heating. In particular, we have developed microwave radiation apparatus that produces a single standing wave in a cylindrical cavity [12] . The main aims of this study are i) the preparation of a pore-filling Pd membrane for microwave heating with reduced metal loading, and ii) demonstration of microwave heating of Pd membrane for hydrogen separation and hydrogenation reaction as a catalytic membrane reactor.
EXPERIMENTAL 2.1 Preparation of membrane
A pore-filling membrane was prepared as reported in a previous paper [10] . A porous α-Al 2 O 3 tube with an outer diameter of 10 mm (NGK Spark Plug Co. Ltd.) was used as the support. One end of the tube was sealed by connecting it with a dense α-Al 2 O 3 Tammann tube. The outer surface of the tube was coated with glass paste to prevent gas permeation, except for a 100 mm section at the center, where the γ-Al 2 O 3 and Pd layers were to be deposited. Firstly, the α-Al 2 O 3 tube was coated with a mixture of boehmite gel and polyvinyl alcohol, followed by calcination in air, forming the inner γ-Al 2 O 3 layer. The calcination temperature was varied between 873-1473 K. Pd seeds were impregnated into the pores Fig.1 
Characterization of membrane
To investigate the leak of membrane, the permeation rate of N 2 was measured at 323 K after each electroless plating cycle. The inside of the membrane tube was filled with N 2 under a pressure of 400 kPa. The permeation rate through the membrane was measured by a soap-film flow meter.
A cross section of the membrane was observed by scanning electron microscopy (SEM) on a Hitachi S-800 system. The specific surface area and pore-size distribution of the γ-Al 2 O 3 layer were calculated by Brunauer, Emmett and Teller (BET) and Barrett, Joyner, and Halenda (BJH) methods, respectively, from the N 2 isotherm measured at 77 K (Bell-mini, Japan Bell co. ltd.). The structure of the γ-Al 2 O 3 layer was determined by X-ray diffraction (XRD), measured on a MAC Science MXP-18 system. Figure 2 shows a schematic of the membrane reactor and the microwave power unit. The Pd membrane was placed in an aluminum microwave cavity. The diameter of the cylindrical cavity was based on the wavelength of the incident microwave in order to form a single standing wave. Microwaves were generated by a solid-state power amplifier, which enabled precise control of power (0-100 W) and frequency (2.3-2.7 GHz). The details of the microwave apparatus are described in a previous report [12] .
Permeation test under microwave heating
For the hydrogen separation test, H 2 gas was introduced into the membrane (1000 mL/min), with flowing N 2 sweep gas outside the membrane. The membrane was heated by microwave radiation to temperatures between 423 and 673 K. The pressure of H 2 was changed from 0 to 200 kPa by a back pressure regulator. The permeation flow rate of H 2 from the inside to the outside of the membrane was measured with a flow meter.
Hydrogenation using the catalytic membrane
As a model reaction for the Pd membrane reactor, hydrogenation of benzene and toluene was performed. The liquid feed was introduced by a syringe pump and vaporizer into the N 2 carrier gas. The reaction occurred over the outside of the Pd membrane between the aromatic hydrocarbon and the permeated hydrogen species. The flow rates of gases were 28 mL/min N 2 and 2 mL/min aromatic hydrocarbon outside the tube, and 20 mL/min H 2 inside the tube. The temperature of 423-498 K was controlled by microwave radiation. The products were analyzed by two on-line gas chromatographs equipped with flame ionization and thermal conductivity detectors, for organic and inorganic compounds, respectively.
RESULTS AND DISCUSSION

Preparation of Pd membrane for microwave heating
Although common metal film membranes reflect microwaves, metal nanoparticles can absorb the microwaves because of their different dielectric properties. Therefore, pore-filling membranes can be heated by microwave radiation. Moreover, a technique for heating thin metal film membranes by using the magnetic field of microwaves has been developed [13] . These two techniques were used to heat the membrane in this study. The Pd particle size is important for effective heating of pore-filling membrane. Particle size strongly depends on the micropore structure of the γ-Al 2 O 3 layer because growth of Pd particle is confined by the poresize of support. Table 1 shows the BET surface area of γ-Al 2 O 3 with changing calcination temperature. Calcination at 873 K resulted in a relatively high surface area of >200 m 2 /g. With increasing temperature, the surface area and pore volume decreased. XRD pattern (Fig. 3) show the amorphous structure of γ-Al 2 O 3 calcinated at 873 K, while the α-Al 2 O 3 structure is observed after calcination at 1473 K. This phase transition leads to the disappearance of the micropore structure. Figure 4 shows the pore-size distribution calculated by the BJH method. After calcination at 873 K, the pore radius distribution was between 1 and 9 nm. The median of the pore radius was about 3.5 nm. With increasing temperature, the pore-radius distribution shifted to larger size, and the pore volume decreased (Table 1 ). These results suggest that pore size was influenced by calcination temperature. In this study, a small pore size is suitable for the embedding of Pd nanoparticles; therefore, the calcination temperature of the boehmite gel was fixed at 873 K.
Electroless plating of Pd was repeated several times, until gas permeation stopped. The amount of Pd in the membrane, and the N 2 permeation rate were measured after each plating step at 323 K (Fig. 5) , for 9 samples. N 2 permeation was suppressed by repetition of the plating treatment. Although the N 2 permeation rate was dependent on the tube used, Pd loading of 0.03 g was sufficient to prevent N 2 permeation.
The temperature of the membrane attained by microwave radiation is plotted against the Pd loading in Fig. 6 . In this case, the magnetic field of the microwave was used for heating. The power was fixed at 80 W. As the Pd loading was increased, the achieved temperature of membrane increased. The tube with Pd loading of 0.03 g reached 700 K. In this heating mode, the magnetic field of the microwave induced the surface current which caused the Joule heat. The surface current was influenced by the electric resistance of the Pd surface. By increasing the amount of Pd loading, the surface resistance changed. At Pd loading greater than 0.03 g, the maximum temperature did not increase any further, suggesting the surface electric resistance reached constant value.
The above results suggest that Pd loading of 0.03 g is suitable for both microwave heating and the prevention of N 2 permeation. This amount of Pd spread over the 31.4 cm 2 total surface area (0.10 g/m 2 ) of the pore-filling membrane is equivalent to a 0.07-m-thick thin metal membrane. This is thinner than conventionally reported membranes prepared by CVD or electroless plating [8, 9] . SEM image of the cross section of the tube is shown in Fig. 7 . The thickness of the γ-Al 2 O 3 layer is about 8 m. This layer penetrates into the α-Al 2 O 3 tube with good adhesion. Pd is mainly deposited in the upper region of the inner layer.
3.2 Hydrogen separation using a microwave heat source H 2 permeation tests during microwave heating were performed using one membrane with Pd loading of 0.03 g. The permeance of H 2 at 573 K was 1.1 × 10 -3 mol⋅m -2 ⋅s -1 ⋅Pa -0.5 . The separation factor α(H 2 /N 2 ) at 573 K was over 1200. Figure 8 shows the correlation between microwave power and the temperature of the membrane. By changing the microwave power output, the temperature of the Pd membrane could be well controlled. The permeation rate of H 2 was proportional to the temperature of the membrane. Figure 9 shows the relationship between the square-root of differential pressure of H 2 and the permeation rate. At 423-573 K, the permeation rate corresponded well to Sieverts' law (Eq. 1), under microwave radiation. In this microwave heating system, the microwave intensity was uniform at the surface of the membrane, owing to the single standing wave in the cylindrical cavity. Hence, the membrane was uniformly heated and can work effectively as a hydrogen separator.
3.3 Catalytic membrane reaction under microwave radiation Pd membrane reactors have been investigated for various reactions, such as hydrogenation, dehydrogenation, and hydroxylation [14] . A catalytic membrane reactor combining a pore-filling Pd membrane with a microwave heating system was used for the hydrogenation of benzene and toluene at 423-493 K. The conversion is shown in Fig. 10 . Benzene and toluene were converted into cyclohexane and methylcyclohexane, respectively, by reaction with the permeated hydrogen species. In this reaction, Pd serves as both a hydrogen separator and as a catalytic active site. Pore-filling membranes may have a high surface area of Pd, due to the high dispersion of nanoparticles compared with thin metal membranes. The above results demonstrate that this membrane, in combination with a microwave radiation system, can be used not only as a hydrogen separator but also as a catalytic membrane reactor.
Conclusion
Pore-filling Pd membranes for microwave heating were prepared. The membranes were fabricated by embedding Pd nanoparticles in the pores of an aluminum support tube, creating a suitable structure for microwave heating. The minimum Pd loading required to prevent leak, while also being effective for microwave heating, was 0.03 g for a support tube with a surface area of 31.4 cm 2 (0.10 g/m 2 ). This corresponds to an equivalent thin Pd membrane of 0.7 m. The developed membrane can be readily heated up to 700 K by microwave radiation in a cylindrical cavity. Such a membrane reactor heated by microwave radiation can be used as both a hydrogen separator and a catalytic membrane reactor for processes such as hydrogenation. 
